Abstract-Massive MIMO has been acknowledged as a promising technology to counter the demand for higher data capacity for wireless networks in 2020 and beyond. However, each Base Station (BS) requires good enough knowledge of Channel State Information (CSI) on both the uplink and the downlink as massive MIMO relies on spatial multiplexing. In Time Division Duplex (TDD) massive MIMO systems, this CSI is acquired using channel reciprocity. However, the use of nonorthogonal uplink pilot sequence due to limited coherence time leads to pilot contamination in TDD massive MIMO systems that results in inter-cell interference in the downlink data transmission. This paper proposes a design of orthogonal uplink pilot sequences for multi-cell TDD massive MIMO systems. We propose to use Zadoff-Chu Pilot Sequences (ZCPS) and eliminate pilot contamination during channel estimation process. In the proposed design, each BS is assigned with a specific orthogonal code and the set of ZCPS is multiplied element-wise at each BS with BS-specific orthogonal code to generate orthogonality among pilot sequences across neighboring cells. The proposed design eliminates pilot contamination during channel estimation process thus achieves significant sum-rate gains as verified by the simulation results.
I. INTRODUCTION
The massive MIMO is a promising technology for the Fifth Generation (5G) cellular networks due to its unprecedented high spectral efficiency [1] - [3] . However, the performance of massive MIMO systems depends critically on the precision of the Channel State Information (CSI), regardless whether the CSI is used for the uplink reception or for the downlink transmission [4] , [5] . This CSI can be obtained either using FrequencyDivision Duplex (FDD) or Time-Division Duplex (TDD). In FDD massive MIMO systems, the CSI is estimated by the Mobile Stations (MSs) and signaled back to the Base Station (BS). Thus the CSI signaling overhead scales linearly with the number of antennas deployed at the BS that shows the use of large antenna arrays impractical. However, in TDD massive MIMO systems, the CSI is obtained at the BS using the uplink pilot training that will be used for the downlink transmission, by exploiting reciprocity between the uplink and the downlink channels. Furthermore, in TDD massive MIMO systems, the signaling overhead imposed by the acquisition of the uplink CSI scales linearly with the number of MSs, which is typically much lower than the number of antennas deployed at the BS [6] , [7] . However, the accuracy of the CSI obtained and thus the attainable system performance depends on having perfectly orthogonal uplink pilot sequences allocated to the different MSs across the network. Orthogonal uplink pilot sequences may only be assured for the MSs roaming within the same cell, but not for those scattered across the different cells, because of limited channel coherence time [8] , [9] . The worst-case scenario is associated with the multi-cell systems relying on the pilot reuse factor of one when all cells use the same set of orthogonal pilot sequences at the same time. Then the pilot sequences for different MSs are correlated, the estimated CSI of an MS is contaminated by the CSI of neighboring MSs that results in inter-cell interference. This detrimental effect is known as pilot contamination that constitutes a much more severe impairment compared to the effect of additive white Gaussian noise (AWGN). Therefore, pilot contamination forms a performance bottleneck in massive MIMO communication systems [6] , [7] , [10] .
A number of schemes have been proposed in the literature to eliminate the pilot contamination from the TDD massive MIMO systems [5] , [6] , [9] , [11] , [12] . Reference [5] and [11] proposed time-shifted pilots with a finite and an infinite number of BS antennas, respectively. However, time-shifted pilot scheme entails a central controller for managing the time-shifting of the pilot-intervals in all of the cells in order to protect their 'orthogonality' across different cells, which becomes a challenge for growing number of users and cells. Similarly, [6] consisted of an amalgam of downlink and uplink training phases, which are capable of eliminating pilot contamination at the cost of requiring a much longer training duration than the conventional simultaneous uplink training. More specifically, the scheme of [6] consists of ( 3) L  training phases for an L-cell system. Therefore, it requires that the coherence interval of the channel is no less than ( 3) L   , where  is the length of the training sequences, which is assumed to be equal to the number of users per cell. Whereas [9] and [12] proposed minimum mean-square error (MMSE) based precoding and scheduling methods, respectively. In [9] , the precoding matrix at one BS is designed to minimize the sum of the squared error of its own users and interference to the users in all other cells. The distributed single-cell precoding method is shown to provide better performance than traditional single-cell zero-forcing precoding. However, this scheme [9] needs the knowledge of second-order statistics of all the uplink channels. Although, a BS estimates only its in-cell channels, not the interfering channels from the adjacent cells. Therefore, it is impractical to presume that the BS can obtain the second-order statistics of all the uplink channels without estimating them. Whereas, [12] presented the pilot scheduling under two MMSE criteria, and proposed a low complexity pilot scheduling algorithm motivated by the channel angle of arrival nonoverlapping condition. However, this proposed scheduling algorithm entails the knowledge of angles of arrival (AOAs) of all the users, which is unrealistic to know in a practical environment. Along with aforementioned schemes and extensive pilot contamination elimination literature has not focused on uplink pilot sequence design or selection features and such contributions are limited in the literature, e.g., [13] and [14] , where uplink pilot sequences in neighboring cells are treated as noise. Anzhong et al. [13] proposed to phase shift a given Zadoff-Chu (ZC) sequence [15] among multiple cells and calculate the required phase shift to be used in each cell. Hien et al. [14] proposed a greedy sequence assignment algorithm, where the sequences are allowed to take random values and are not chosen from a predefined set of sequences. This makes a practical implementation rather challenging, as the complete sequences need to be transmitted from the BS to the respective users. Jae Won et al. [16] treat the intercell pilot interference problem with ZC sequences and find subsets of such sequences that minimize inter-cell pilot interference. Their approach treats sequences in neighboring cells as noise as well and assumes that pilots of each user occupy all available subcarriers, making the used framework not suitable for the TDD massive MIMO systems. Because in TDD massive MIMO system only a limited portion of the coherence interval can be used for the uplink training.
Different from [13] , [14] and [16] , [17] and [18] proposed a user capacity-achieving pilot sequence design together with power allocation for downlink transmission in a single-and multi-cell multiuser massive MIMO system, respectively. Both schemes [17] and [18] , proposed to generate pilot sequences and the corresponding power allocation scheme to satisfy the signal-to-interference-plus-noise ratio (SINR) requirements of all the users in the system, not considering the rigorousness of pilot contamination. Furthermore, pilot sequence design of [17] and [18] is based on the rules of the Generalized Welch-BoundEquality (GWBE) sequence design. Different from [17] and [18] , in this work the proposed pilot sequence design uses ZC sequence and eliminates pilot contamination during channel estimation process.
Given the above background, this paper proposes an efficient and practical pilot contamination elimination scheme for multi-cell TDD massive MIMO systems. The proposed design of orthogonal uplink pilot sequences uses ZC pilot sequences (ZCPS) as uplink pilot sequences, which remain orthogonal within a cell due to their constant amplitude and zero autocorrelation (CAZAC) property (i.e., the correlation of a ZC sequence of any length with the circularly shifted version of itself is zero for non-zero shifts). The perfect circular autocorrelation property allows multiple orthogonal sequences to be generated from a ZC sequence. In fact, if the periodic autocorrelation of a ZC sequence provides a single peak at the zero lag, the periodic correlation of the same sequence against its cyclic shifted replica provides a peak at a lag CS L , where CS L is the number of samples of the cyclic shift. This creates a zero-correlation zone (ZCZ) between the two sequences [15] . To make pilot sequences orthogonal across the network, the orthogonal codes are used. Before random access, a set of ZCPS is multiplied element-wise with BS-specific orthogonal code row at each BS that will make ZCPS orthogonal across the network. The proposed scheme will eliminate pilot contamination during channel estimation process. Furthermore, the proposed scheme uses conventional simultaneous uplink pilot training and does not require any prior knowledge regarding either the MIMO channels or MS information.
The remaining sections of this paper are organized as follows. The multi-cell TDD massive MIMO system model, uplink training and pilot contamination problem are presented in Section II. Section III describes orthogonal codes, ZC sequences, proposed design of orthogonal ZCPS, eliminating pilot contamination during channel estimation process, downlink transmission, and achievable throughput rates. Section IV presents simulation and result discussions. Finally, some conclusions are given in Section V.
Notations: The notations used in this paper are as follows. 
where t is the number of i.i.d paths,  lquat is the phase of the path and it is a random variable uniformly distributed in [0, 2 )  , D is the antenna spacing at the BS,  is the wavelength of the carrier, and
is a random angle of arrival (AOA). Whereas  rqu invariable model path-loss and shadow fading that change slowly over space [1] , [2] , [10] .
A. Uplink Training
At the start of every coherence interval, all the MSs in the network synchronously transmit their uplink pilot sequences, which are the column vectors with  length. It is obvious from (4) 
The fourth term of (5) shows the severity of the pilot contamination mutilation that result in a considerable estimation error.
III. PROPOSED PILOT CONTAMINATION ELIMINATION SCHEME
As shown in Section II-B, the CE relying on the uplink pilot sequences suffers from pilot contamination and the existing schemes [3] , [5] , [6] , [9] , [11] and [12] either require relatively large training duration or require prior knowledge regarding either the MIMO channels or MS information. Fortunately, the number of cells is limited compared to the number of MSs, therefore it is possible to allocate distinct orthogonal code rows to the BSs. These BS-specific orthogonal code rows can be exploited to eliminate pilot contamination during CE process. Before discussing the proposed scheme in detail, let us briefly explain the orthogonal codes and ZC sequences, respectively.
A. Orthogonal Codes
The orthogonal codes such as Orthogonal Variable Spreading Factor (OVSF) and Walsh-Hadamard codes can be used in the proposed design [21] , [22] . The code rows of these two orthogonal codes are mutually orthogonal; hence element-wise multiplication of code rows with ZCPS will make ZCPS orthogonal across the network. Specifically, OVSF codes were first commenced for 3G systems to maintain the orthogonality among different uplink channels in a wireless communication system [21] . An 8-by-8 orthogonal matrix can be given as, 
where each row of the matrix can be represented as 8,w O , where w indicates the row number.
B. Zadoff-Chu Sequences
The ZC sequences are a category of polyphase sequences defined as [15] , [23] 
where P (even) is the length of the sequence and   1, 2, , 1 P   is the root index of the sequence.
ZCs of any length possess an ideal or "perfect" periodic autocorrelation property (i.e., the correlation with the circularly shifted version of itself is zero for any non-zero shifts)
where   is the shift or correlation lag, and
C. Orthogonal ZCPS
The proposed pilot contamination elimination scheme multiplies ZCPS element-wise with the BS-specific orthogonal code rows. This element-wise multiplication will make ZCPS orthogonal across the network. The proposed scheme takes the length of ZCPS as the multiple of two i.e. 
Then the set of cyclically shifted ZCPS of  z can be represented as ()
Here, we consider a seven cell system; therefore, each BS of the seven-cell cluster can be assigned to a distinct orthogonal code row from the 8 O matrix. Then, each of these assigned orthogonal code rows is multiplied element-wise with the set of cyclically-shifted ZCPS at each BS of the seven cell system as given below, refer to Fig. 3 . 
where '*' denotes the element-wise multiplication, 1, 2,...,7 e  represents the number of the BS in the seven cell system. This element-wise multiplication will make 
Hence, proposed orthogonal ZCPS design can eliminate pilot contamination from TDD massive MIMO systems. Next section will show that the proposed orthogonal ZCPS design can eliminate pilot contamination during channel estimation process. ( ) Fig. 3 . Orthogonal ZCPS.
D. Eliminating Pilot Contamination During CE Process
Consider the scenario of the seven-cell cluster; refer to Fig. 3 , where each cell has one user that transmits its uplink training sequence. Then, the uplink training signal received at the q-th BS can be given as , after implementing the proposed scheme, are clean from the pilot contamination.
E. Downlink Transmission
After estimating the uplink CE using the proposed scheme, the BSs can acquire the downlink CE by exploiting the channel reciprocity of the TDD protocol. Consider that the information symbols transmitted by the BS of the q-th cell to its users are , which imply that the average power constraint at the BS is satisfied [2] , [6] .
The signal vector received by the users of the q-th cell is
where q W is the i.i.d. AWGN with zero mean and unit variance. Therefore, the signal received by the u-th user can be given as (18) where qk e is the k-th column of the precoding matrix q E and qk w is the k-th element of q W .
F. Achievable Throughput Rates
In order to show the effectiveness of the proposed scheme and the advantages of eradicating the pilot contamination, the lower bound of the achievable downlink throughput rate is derived using matched filter (MF) precoding given by [9] 
In (20) (22) is [6] , [9]   (23), is evaluated by (16) of MMSE CE. Pilot-assisted CE represents the sophisticated combination of downlink training and scheduled uplink training to eradicate the pilot contamination proposed in [6] . The MMSE CE with aligned pilots, proposed in [11] , represents the estimator that depends on all the MSs of all the cells simultaneously transmitting their uplink pilot sequences those occupy  OFDM symbol lengths for its uplink training. The MMSE CE with the staggered pilot sequences represents the estimator, in which the MSs roaming in different cells transmit their uplink pilot sequences at non-overlapping instances proposed in [11] . The sum-rate performances of staggered pilots of [11] are evaluated using appendix given in [6] . The achievable downlink sum-rate performance versus different network parameters is evaluated for the proposed scheme and compared with those of [6] and [11] . The achievable downlink sum-rate versus cross gain performance of different schemes is illustrated in Fig. 4 . When the cross gain increases, the sum-rate of all the schemes decrease. We can observe from Fig. 4 that the sum-rate performances of the pilot assisted CE and MMSE with aligned pilots fall drastically from 23 bps/Hz to 2.8 bps/Hz and 18.1 bps/Hz to 0.6 bps/Hz, respectively, as the cross gain increases. Whereas the sum-rate of the proposed scheme with MMSE CE estimator drops from 31 bps/Hz to 22 bps/Hz, which is a drop of only 9 bps/Hz compared with the falls of 20.2 bps/Hz and 17.5 bps/Hz of pilot assisted CE and MMSE with aligned pilots, respectively. Therefore, the performance of the proposed estimators is far better than those of [6] and [11] , which authenticates the effectiveness and superiority of the proposed MPSOACO scheme.
The achievable downlink sum-rate versus a number of cells performance of different schemes are illustrated in Fig. 5, where Fig. 5 that the sum-rate values of the pilot assisted CE and MMSE CE estimator with aligned pilots decrease drastically from 21 bps/Hz to 5 bps/Hz and 18.3 bps/Hz to 2.6 bps/Hz, respectively, as the number of cells increases. Whereas the sum-rate of the proposed scheme with MMSE CE drops from 32.5 bps/Hz to 22 bps/Hz, which is a drop of only 10.5 bps/Hz compared with the decreases in the sum-rate of 20.2 bps/Hz and 17.5 bps/Hz of pilot assisted CE and MMSE with aligned pilots, respectively. Therefore, the performance of the proposed estimators is far better than those of [6] and [11] . Fig. 4 . Performance comparison of the proposed MPSOACO scheme with the schemes of [6] and [11] for the sum-rate versus the cross gain. The achievable downlink sum-rate versus a number of antennas performances of different schemes are illustrated in Fig. 6 . When the number of BS antennas increases, the sum-rate of all the schemes increases. It is observed from Fig. 6 that the sum-rate values of pilot assisted CE and MMSE CE with aligned pilots increase only by 7.7 bps/Hz and 6.5 bps/Hz, respectively when the number of antennas increases from 5 to 30. Whereas the sum-rate value of the proposed scheme with MMSE CE estimator increases by 10 bps/Hz, which is slightly higher than those of pilot assisted CE and MMSE CE with aligned pilots, respectively, as the number of antennas increases from 5 to 30. This shows that the performance of the proposed estimator is better than those of [6] and [11] . Fig. 6 . Performance comparison of the proposed MPSOACO scheme with the schemes of [6] and [11] for the sum-rate versus the number of antennas.
The achievable downlink sum-rate versus standard deviation of AOAs performance of different schemes are illustrated in Fig. 7 . We can see from Fig. 7 that the sumrate performance of all the schemes is slightly changed by the standard deviation of AOAs while the sum-rate values of the proposed scheme are again far better than those of [6] and [11] . Fig. 7 . Performance comparison of the proposed MPSOACO scheme with the schemes of [6] and [11] for the sum-rate versus standard deviation of AOAs.
V. CONCLUSIONS
A design of orthogonal uplink pilot sequences is proposed to eliminate pilot contamination from TDD massive MIMO systems. The proposed design uses Zadoff-Chu pilot sequences (ZCPS) and eliminates pilot contamination during channel estimation process. In the proposed design, each BS is assigned with a specific orthogonal code and a set of ZCPS is multiplied elementwise at each BS with BS-specific orthogonal code to generate orthogonality among pilot sequences across the neighboring cells. The proposed design uses conventional simultaneous uplink pilot training compared to the training overhead of ( 3) L   imposed by the pilot assisted scheme of [6] . Furthermore, the proposed design does not require any prior knowledge regarding either the MIMO channels or MS information. The MF precoding is employed for downlink transmission, which is a linear precoding and simple to implement compared to zeroforcing precoding. Simulation results show that the sumrate performance of the proposed design significantly outperforms both the pilot assisted CE and MMSE CE with aligned and staggered pilots.
